Estrogen plays a key role in the regulation of many pituitary hormones. The presence of estrogen receptor-␤ (ER␤) messenger RNA (mRNA) has been demonstrated in the adult anterior pituitary by RT-PCR to be at a level much greater than that of ER␤ mRNA. Because the number of ERs has been shown to change during development, in this study we examined the distribution of pituitary ER␤ mRNA in adult and prepubertal rats. Using RT-PCR, we confirmed that ER␤ mRNA expression is less than that of ER␣ mRNA in adult females. In contrast, in prepubertal female pituitaries, ER␤ mRNA levels are much greater than those of ER␣ mRNA. Film densitometric analysis of whole pituitaries, similarly showed that ER␤ mRNA is greater in prepubertal pituitaries than in adult pituitaries. However, after emulsion autoradiography, cell counts confirmed that prepubertal and adult pituitaries differ, not in the level of ER␤ mRNA expression, but in the number of cells expressing ER␤ mRNA. In postnatal day 15 pituitaries, there were twice as many cells per mm 2 as in adults. A comparison between prepubertal males and females showed that females exhibited a 2-fold greater level of ER␤ mRNA expression. To determine which cell types express ER␤ mRNA, we performed in situ hybridization for ER␤ mRNA coupled with immunohistochemistry for FSH or PRL. In prepubertal pituitaries, 84.5 Ϯ 2.3% of FSH-immunoreactive cells also express ER␤. Nearly all of the PRL-immunoreactive cells lacked ER␤ mRNA. These data demonstrate sex-and age-related differences in ER␤ mRNA expression in the anterior pituitary. Furthermore, these data suggest that ER␤ is not the specific mediator of estrogen action in lactotrophs, whereas ER␤ may be the prime mediator of estrogen action in FSH-containing gonadotrophs. (Endocrinology 139: 5151-5156, 1998) E STROGEN plays an important role in the regulation of many pituitary hormones. It exerts its effects by binding to the intracellular estrogen receptor (ER), which then functions as a transcription factor. Recently, it been shown that two forms of ER exist, encoded by two separate genes. These ERs have been designated ER␣ and ER␤ (1, 2). Both ER␣ and ER␤ messenger RNA (mRNA) have been shown by RT-PCR to be expressed in many estrogen-responsive reproductive tissues, including the pituitary gland (3).
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Within the adult anterior pituitary gland, estrogen binding has been demonstrated by in vitro autoradiography to be localized within gonadotrophs, lactotrophs, somatotrophs, and thyrotrophs, with the highest amounts in gonadotrophs (4) . Postnatal development of estrogen binding in the anterior pituitary shows a dramatic increase in binding around postnatal days (PND) 10 -15 before leveling off to adult levels by PND 25 (5) . During this period of development, there is a greater percentage of gonadotrophs among the population of cells than that in the adult pituitary (6) .
The functional significance of pituitary ER has been demonstrated by the fact that estrogen can directly regulate pituitary hormones in addition to its indirect effects through modulation of hypothalamic releasing hormones. Estrogen affects the expression of both the gonadotropins, LH and FSH, in pituitary fragments (7) . In addition, estrogen can directly stimulate PRL secretion both in vitro as well as in vivo (8, 9) .
ER␣ mRNA has previously been demonstrated in the intermediate and anterior lobes of the pituitary by in situ hybridization (10) , and ER␣ immunoreactivity has been identified in many anterior pituitary cell types, including gonadotrophs and lactotrophs (11) . Consistent with this, Kuiper and colleagues (3) have demonstrated that ER␣ mRNA is the predominant species in the adult rat pituitary. As estrogen binding has been shown to exhibit transient developmental changes (5), we examined the level of ER␤ mRNA expression in prepubertal and adult rat pituitary glands. Furthermore, we determined the cellular distribution of ER␤ mRNA within the anterior pituitary.
Materials and Methods Animals
Sprague-Dawley rats were purchased from Charles River Laboratories, Inc. (Portage, MI), and housed at the animal facilities at Loyola University (Maywood, IL) under temperature-and humidity-controlled conditions for several weeks before use. The stage of the estrous cycle was monitored by microscopic examination of vaginal lavage. For prepubertal animals, litters were culled to 10 on PND 1. Adult diestrous females and PND 15 females and males (day of birth ϭ PND 0) were killed by decapitation, and the pituitaries were removed, frozen on dry ice, and stored at Ϫ70 C for total RNA extraction and analysis by RT-PCR. For in situ hybridization and immunohistochemical studies, animals were anesthetized with ether and perfused by gravity flow with 4% paraformaldehyde in PBS. Pituitaries were stored in 30% sucrose. Pituitaries were then sectioned at 20 m and mounted on SuperFrost Plus slides (Fisher Scientific International, Inc., Pittsburgh, PA).
RT-PCR
Total RNA was isolated from frozen pituitaries using guanidium isothiocyanate by a method previously described (12) . One microgram of total RNA was reverse transcribed using an oligo(deoxythymidine) [12] [13] [14] [15] primer and Superscript RT (Life Technologies, Gaithersburg, MD) in a final reaction volume of 20 l. Ten microliters of the complementary DNA were amplified by PCR in the presence of 2 Ci [ 32 P]deoxy-CTP using primers specific for the ER␣, ER␤, histone 3.3 genes (3, 12, 13) . Histone 3.3 was run as an internal control as previously described (12) . The cycle parameters for ER␣ and ER␤ were the same: 92 C for 1 min, 57 C for 30 sec, and 72 C for 1 min for 30 cycles, as previously described (3) . The expected products of 290 bp (ER␣) and 262 bp (ER␤) were obtained. Reaction products were separated by nondenaturing PAGE, dried, and visualized by film autoradiography. The ER␣ and ER␤ reaction products from separate tubes were combined and run concurrently on a single gel.
In situ hybridization
In situ hybridization for ER␤ mRNA was performed by methods previously described (14) . A [
35 S]UTP-labeled antisense complementary RNA probe was generated by in vitro transcription of a specific ER␤ PCR fragment with an SP6 promoter on the 3Ј-end. The probe corresponds to nucleotides 1183-1514 relative to the start site (2) . The 5Ј-end contained a T7 promoter so that sense strand probes could also be generated. These promoters were added by PCR with receptor-specific primers that contained an eight-nucleotide overhang complementary to primers containing the promoters (15) . The probe specificity was determined by the lack of hybridization with a sense control probe. The hybridization pattern observed in the brain with this probe is identical to that observed with other ER␤ probes (16) .
Tissue sections were acetylated with 0.25% acetic anhydride, dehydrated in graded alcohols, and air-dried. Sections were incubated in a hybridization solution (50% formamide, 0.60 m NaCl, 0.02 m Tris, 0.01 m EDTA, 10% dextran sulfate, 2 ϫ Denhart's solution, 50 mm dithiothreitol, 0.2% SDS, 100 mg/ml salmon sperm DNA, 500 mg/ml total yeast RNA, and 50 mg/ml yeast transfer RNA) containing the radiolabeled probe at a concentration of 2 ϫ 10 7 cpm/ml at 55 C overnight. After hybridization, the slides were rinsed in 2 ϫ SSC (standard saline citrate), and nonhybridized RNA was digested with 30 mg/ml ribonuclease A for 30 min at 37 C. The final wash stringency was 0.1 ϫ SSC at 60 C. For autoradiographic detection of hybridization, slides were exposed to autoradiographic film for 1-3 days or were dipped in nuclear tract emulsion (Kodak NTB-3, Eastman Kodak Co., Rochester, NY), air-dried, and exposed for 3-7 days at 4 C.
Immunohistochemistry
After in situ hybridization, but before autoradiography, immunohistochemistry was performed using standard procedures with sterile buffers and serum (17) . Tissue for FSH or PRL immunohistochemistry were incubated overnight with the NIDDK rabbit antirat primary antibodies (FSH, 1:500; PRL, 1:15,000) at room temperature in PBS [pH 7.0; containing 2% normal goat serum (NGS)]. A biotinylated goat antirabbit secondary antibody (1:500; Kirkegaard & Perry, Inc., Gaithersburg, MD) was then incubated for 2 h. The complex was visualized by streptavidinhorseradish peroxidase (Kirkegaard & Perry) with diaminobenzidine (0.5 mg/ml) as the chromogen. After detection of immunoreactive cells, slides were dipped in photographic emulsion (Kodak NTB-3). A brown cytoplasmic oxidation product overlaid by exposed silver grains was indicative of a double-labeled cell.
Image analysis
The number of grains per fixed area approximating a cell was counted using a video camera (Sony XC-77) connected to a Zeiss Axioplan microscope (New York, NY), an Apple Power Macintosh 7100 computer, and NIH Image (version 1.57) software. A grain-counting macro originally written by Dr. Karl Beykirch (University of California School of Medicine, Los Angeles, CA) and adapted for our use by Dr. Alan Nagahara (Loyola University) was used. The macro counted the density of silver grains, identified by darkfield microscopy, by calculating the number of pixels present above a threshold defined by the user. Measurements were taken from 10 cells from 3 different sections for each animal, and the mean of the 30 measurements was averaged to give the mean for that animal. The data were expressed as the percentage of area covered by grains (mean grain area). For cell counts, a labeled cell was defined as one that contained over 5 times the number of background grains.
Statistics
Data were analyzed across age by one-way ANOVA. The StudentNewman-Keuls test was used to make post-hoc comparisons. For the adult vs. prepubertal animal study, three animals were analyzed. In the prepubertal male vs. female study, five animals were analyzed.
Results

ER␣ and ER␤ mRNA in prepubertal and adult female rat pituitaries
Total RNA from anterior pituitaries from PND 15 and adult females was analyzed by RT-PCR for the expression of ER␣ and ER␤ mRNA (Fig. 1) . Histone 3.3 served as an internal loading control and did not differ (data not shown). The level of ER␣ expression was greater in the adult pituitary compared with that in the PND 15 female. ER␤ expression was greater in the PND 15 than in the adult female. Although it is difficult to make a direct comparison between two different genes by RT-PCR because of different primer efficiencies and product sizes and, thus, different specific activities of products, it appears that in the adult animal, ER␣ mRNA was expressed at a much greater level than ER␤ mRNA. In the infantile female, the opposite appeared to be true; ER␤ mRNA expression was much greater than that of ER␣ mRNA.
Distribution of ER␤ mRNA expression in pituitary
To determine the distribution of ER␤ mRNA throughout the pituitary gland, we examined its expression by in situ hybridization in adult females, PND 15 females, and PND 15 males. Film autoradiograms demonstrated expression of ER␤ mRNA in the anterior lobe of the pituitary (Fig. 2) , with a region of high expression immediately adjacent to the posterior pituitary in the PND 15 animals (Fig. 2) . The PND 15 female contained a considerably higher level of expression compared with both the adult and PND 15 male. Sense strand probes served as a negative control and demonstrated no hybridization (Fig. 2) .
When the distribution of expression was examined microscopically after emulsion autoradiography, it was deter- mined that the expression was indeed restricted to the anterior lobe (Fig. 3) . Single cell analysis showed that the number of grains per cell was not different between the adult and PND 15 female (Fig. 4, A-C) ; however, the number of labeled cells per unit area differed significantly (P Ͻ 0.001; Fig. 4D ). There were more than twice as many ER␤ mRNAexpressing cells in the prepubertal female as in the adult female.
Sex differences in ER␤ mRNA expression
A comparison between prepubertal males and females revealed a significant sex difference in the level of ER␤ mRNA expression (P Ͻ 0.001; Fig. 5 ). After emulsion autoradiography, the mean grain area was twice as great in females as in males.
Cellular localization of ER␤ mRNA expression in the infantile female pituitary
To determine the cell types in the prepubertal female pituitary that express ER␤ mRNA, we performed in situ hybridization for ER␤ in combination with immunohistochemistry. Gonadotrophs can contain both LH and FSH or LH or FSH alone. The cellular content can change under certain physiological conditions, such as age, sex, and stage of the estrous cycle in the adult female (6, 25). As we are ultimately interested in FSH regulation, we used FSH as a marker to identify the population of gonadotrophs containing FSH. In the PND 14 female rat, this represents most of the gonadotrophs (18) . Lactotrophs were identified by PRL immunoreactivity (PRL-ir). Of the cells containing FSH-ir, 84.5 Ϯ 2.3% (n ϭ 3) also coexpressed ER␤ mRNA (Fig. 6A) . Of the PRL-ir cells, on the other hand, only 14.8 Ϯ 4.5% (n ϭ 3) coexpressed ER␤ (Fig. 6B) . Approximately half of the ER␤ mRNAexpressing cells did not possess either FSH-ir or PRL-ir.
Discussion
In these studies we have examined the expression of ER␤ mRNA in the pituitary gland of prepubertal male and female rats as well as in adult female rats. Our data show that the expression of ER␤ mRNA is greater in the prepubertal pituitary than ER␣ and that it is restricted to the anterior lobe of the pituitary. In the prepubertal animal, the level of expression is much greater in females than in males. Furthermore, we determined that in the prepubertal female, ER␤ mRNA is expressed in nearly all FSH-containing gonadotrophs, whereas it is virtually absent in lactotrophs.
These data replicate a previous study using RT-PCR, which showed that ER␣ is expressed at a greater level than ER␤ in the adult female pituitary (3). In the prepubertal pituitary, however, the opposite is true. ER␤ mRNA is expressed at a much greater level than ER␣ mRNA. It remains to be seen whether the mRNA levels reflect protein levels in these animals.
Using in situ hybridization we determined that the anatomical localization of ER␤ mRNA expression is restricted to anterior lobe of the pituitary. After film autoradiography, it appears that the intermediate lobe was labeled as well; however, microscopic examination after emulsion autoradiography reveals that expression is, in fact, limited to the anterior lobe, with a dense population of labeled cells adjacent to the intermediate lobe. This area has been previously described as a sex zone that has been shown to contain primarily gona- dotrophs (19) . These results suggest that ER␤ could mediate a specific action of estrogen in the anterior lobe of the pituitary gland, as both the intermediate lobe and the anterior lobe contain ER␣ mRNA (20, 21) . In addition, this observation suggests that ER␣ is the sole mediator of estrogen's actions in the intermediate lobe.
ER␤ mRNA levels are dramatically elevated in the prepubertal female compared with the male. This sex difference in ER␤ mRNA may play a role in the differential gonadotropin secretion seen in these animals (17, 22) . During the prepubertal period, gonadotropin secretion is very high in the female compared with that in the male. We have recently shown that estrogen may play a role in the elevated secretion of specifically FSH in the prepubertal female (23) . It is possible that ER␤ could potentially be mediating this sex difference.
When the expression of ER␤ mRNA is examined at the cellular level, the level of expression per cell remained constant in the female pituitary across puberty. In contrast, it appears that the population of cells not expressing ER␤ changes. This is consistent with our observation that ER␤ mRNA is not expressed in the lactotrophs, but is expressed in a significant population of gonadotrophs. In the prepubertal animal, gonadotrophs make up a greater percentage of anterior pituitary cells than in the adult (6, 18, 24) . The number of immunoreactive lactotrophs increases dramatically after the third to fourth week of postnatal life (25) , and thus, it is possible that increased lactotroph proliferation dilutes the population of cells expressing ER␤. This observation coupled with previous data using RT-PCR demonstrate a potential pitfall in the use of RT-PCR for examining the expression of a gene from total RNA obtained from a heterogeneous population of cells.
In our hands, the double label technique we have employed here is effective in identifying both immunoreactivity and silver grains. There is, however, an inherent degree of background false positives and false negatives. As the cells of the pituitary are densely packed, there is an unavoidable overlap of cells. Thus, a nonimmunoreactive cell lying underneath an immunoreactive cell may contribute to the silver grains seen, resulting in a false positive. Because the percentage of ER␤-negative FSH-ir cells is approximately the same as the percentage of positive PRL-ir cells, we believe that the limits of precision for this technique are approximately 10 -15%. As we observed that 85% of FSH-ir cells also expressed ER␤ mRNA, it appears that most FSH-containing gonadotrophs are ER␤ mRNA positive, and nearly all lactotrophs are ER␤ mRNA negative.
Whereas most FSH-ir gonadotrophs express ER␤, all ER␤-expressing cells did not contain FSH-ir. The identity of these other cells could be LH monohormonal gonadotrophs. The number of FSH-negative, ER␤-positive cells is greater than that which can be accounted for simply by the number LH monohormonal gonadotrophs that should be present in the PND 15 female rat (18) . Thus, an alternate possibility is that some are somatotrophs or thyrotrophs. As somatotrophs have a common origin with the lactotrophs, it may be that thyrotrophs are the other major cell type expressing ER␤ mRNA. This remains to be determined.
The finding that lactotrophs do not express ER␤ mRNA provides a potential mechanism for pituitary proliferation. Estrogen has been shown to dramatically increase pituitary size as a result of lactotroph proliferation (26) . PRL-secreting adenomas are the most common pituitary tumor found, and recent studies have used the estrogen induction of pituitary hyperplasia in the rat as a model of human pituitary adenoma (27) . Given that lactotrophs do not express ER␤, but do express ER␣ (11), lactotroph-specific cell proliferation is presumably mediated through genes that are activated by ER␣ homodimers. As other cell types, in particular gonadotrophs, appear to have both forms of the estrogen receptor, regulation of their hormone secretion could be mediated through ␤-homodimers or ␣-and ␤-heterodimers. Differential transcriptional activation of promoter elements has been demonstrated with homodimers and heterodimers (28) . Ultimately, the advent of specific antagonists to ER␣ could allow the targeted reduction of lactotroph proliferation potentially without altering the role of estrogen in gonadotrophs mediated through ER␤.
Interestingly, a sex difference in the pituitary response to estrogen has been demonstrated (29) . Estrogen administration increases pituitary androgen receptor levels and pituitary growth more rapidly in females than in males. This increased sensitivity to estrogen may in part be due to the presence of differential levels of ER␤ or ER␣ between the sexes, although it remains to be seen whether these sex differences are present in the adult.
The data presented in this study demonstrate that ER␤ is expressed in the anterior pituitary and may be a mediator of estrogen action in the gonadotroph. Furthermore, sex differences, developmental changes, and cell-specific expression of ER␤ indicate that it may be an important mediator of estrogen action in the pituitary. The identities of such ER␤-mediated cellular processes in the pituitary warrant further investigation.
